Understanding and using numbers is increasingly important in daily life and, in particular, in patients\' understanding of medical situations. For instance, understanding that a 1 in 10 (10%) chance is a greater risk than a 1 in 100 (1%) chance could have important implications for one\'s health and well-being. A person\'s numerical literacy (or numeracy) is the ability to both understand numbers and know how and when to use them in novel situations. Numeracy is positively correlated with both general mental ability and rationality, but these correlations are low enough (all *rs* ≤ .41) that numeracy is considered to be a distinct construct ([@x24748307-20190624-01-bibr2]).

Numeracy intersects crucially with shared medical decision-making ([@x24748307-20190624-01-bibr7]; [@x24748307-20190624-01-bibr15]) because numeracy predicts the degree of patient passivity in shared decision-making situations, with people of low numeracy desiring a less active role than people of high numeracy ([@x24748307-20190624-01-bibr8]) and demonstrating less sensitivity to the risks described during the informed consent process ([@x24748307-20190624-01-bibr5]). Indeed, numeracy is predictive of better medical decision-making across the lifespan ([@x24748307-20190624-01-bibr24]) and predicts correct medical decision-making even when controlling for education and for cognitive ability ([@x24748307-20190624-01-bibr1]; [@x24748307-20190624-01-bibr24]). In sum, numeracy shows clear promise, but to realize that promise our measures of numeracy must be accurate and must have a solid underlying construct structure.

Although of great practical and theoretical importance, numeracy remains difficult to measure in a consensually agreed upon way ([@x24748307-20190624-01-bibr19]). Several questionnaires have been created to assess numeracy or numeracy-related constructs, often with high face validity but with much less attention paid to construct validity and even less attention still spent on their theoretical foundations. This is a serious situation because these numeracy scores are often used as an individual difference measure with the assumption that numeracy is a unidimensional, homogenous construct (e.g., [@x24748307-20190624-01-bibr3]; [@x24748307-20190624-01-bibr8]; [@x24748307-20190624-01-bibr9]; [@x24748307-20190624-01-bibr10]; [@x24748307-20190624-01-bibr11]; [@x24748307-20190624-01-bibr18]). A better understanding of numeracy as a construct is warranted, and measures of numeracy should be aligned with that construct. The purposes of the present research are to empirically evaluate the structure of one of the more popular measures, the General Numeracy Scale (GNS) ([@x24748307-20190624-01-bibr14]), to improve the correspondence between this numeracy measure and the conceptual construct of numerical literacy, and to establish the validity and utility of this new measure.

The GNS ([@x24748307-20190624-01-bibr14]), is an 11-item measure of numeracy that has become a favorite among judgment and decision-making researchers, including much of the medical decision-making community. Schapira, Wallaker, and Sedivyvy ([@x24748307-20190624-01-bibr21]) evaluated several measures of numeracy and concluded that the GNS performed well at discriminating between people with high and low numeracy across a fairly large range of intellectual ability.

To evaluate the psychometric quality of the GNS, Lipkus et al. ([@x24748307-20190624-01-bibr14]) performed a factor analysis of the 11 questions. The first factor accounted for 49.4% of the variance. Second and third factors accounted for 11.9% and 8.1% of the variance, respectively. Lipkus et al. ([@x24748307-20190624-01-bibr14]) suggested that much of the variance explained in the second and third factors was due to similar structures of the relevant questions loading under those factors. Therefore, Lipkus et al. ([@x24748307-20190624-01-bibr14]) suggested that their test measures only one truly psychological construct--- global numeracy---and that the three-factor model suggested by their results was most likely an artifact of the question formats rather than measuring three separate constructs. There does not appear to have been any follow-up work, however, to assess or address these suggested artifacts.

Study 1
=======

Objectives
----------

Study 1 used a large dataset to examine if the GNS measures a unidimensional underlying factor of numeracy or if a larger number of factors emerge.

Methods
-------

Data were collected from 467 undergraduate students at a large Midwestern university as part of Institutional Review Board-approved mass testing sessions for a number of different researchers. A packet, including the GNS, was given to large classes of up to 200 introductory psychology students. Although exact demographic information is unavailable, this sample was approximately 60% women and predominately age 18 to 20 years. Data from six questionnaires were excluded because four or more responses were omitted, leaving 461 usable questionnaires.

Due to issues with performing factor analytic procedures on binary data ([@x24748307-20190624-01-bibr25]), these data were analyzed using tetrachoric, rather than Pearson, correlation matrices. Tetrachoric correlations assume an underlying latent correlation based on continuous data. These matrices were smoothed using procedures created by Uebersax ([@x24748307-20190624-01-bibr23]). Tetrachoric correlation matrices can often be nonpositive definite, but "noise" within the matrix can be systematically removed by smoothing methods, rendering the tetrachoric correlation matrix more appropriate for factor analytic methods ([@x24748307-20190624-01-bibr12]). The TetMat smoothing software detected one problematic eigenvalue for this tetrachoric matrix.

After smoothing, the matrix was analyzed using SPSS syntax. First, a principal components analysis was performed specifying only to yield factors that achieve eigenvalues greater than 1. Second, because Lipkus et al. ([@x24748307-20190624-01-bibr14]) suggested that their scale assesses a single broad construct of numeracy, another principal components analysis was performed that was specified to yield only a single factor. Due to the increased likelihood that many of the items in the GNS were highly correlated, a direct oblimin rotation was performed on the multifactor analysis (no rotation was necessary for the single factor specified analysis). As such, the pattern matrix rather than the loading matrix was interpreted for each item\'s unique contribution to a single factor ([@x24748307-20190624-01-bibr22]). (Note: Previous studies have used both factor analyses and principle component analyses, but most theoretical discussions used "factors" regarding dimensions of numerical literacy. Although factors extracted from factor analysis and components from principal components analysis are theoretically and statistically different, for convenience and ease of reading, both are labeled as "factors" throughout this article.)

Key Results
-----------

When a minimum eigenvalue of 1 was specified, the results yielded four factors that cumulatively explained a total of 71.36% of the variance. Because this was an exploratory analysis, standard guidelines on the number of items required for composition of a single factor were relaxed. Not surprisingly, the explained variance dropped substantially when specifying a single factor structure (down to 34.95%); however, if one uses a liberal loading criterion of .320 ([@x24748307-20190624-01-bibr22]), all of the GNS items in the single factor analysis made the cut (see **Table [A](#x24748307-20190624-01-table1){ref-type="table"}** and **Table [B](#x24748307-20190624-01-table2){ref-type="table"}** for factor analysis details.)

These results have some interesting implications for the theoretical structure of the GNS. Although the first analysis displayed four distinct factors, the second analysis, which specified only a single factor, showed that all of the GNS items could be loaded to some extent onto a single factor. The plausible four-factor structure remains troubling, though, especially as there are theoretical explanations supportive of a four-factor structure (e.g., [@x24748307-20190624-01-bibr13]). If the scale truly measures a unidimensional construct of numeracy, a large data set should produce clear evidence of that. Instead, we found equally plausible single-factor and four-factor structures in the GNS. Study 2 explores two possible explanations for why a multiple-factor structure for the GNS may exist.

Study 2
=======

Objectives
----------

Some particular characteristics of the GNS may inadvertently lead to a multifactor structure. The GNS is composed of 11 questions, but they are heterogeneous in type. Most questions are free response or fill-in-the-blank, but two questions are multiple choice. Additionally, two other questions are similar in content, even arguably redundant. Having multiple response types in a single scale can produce misleading factor analytic results simply due to problems loading together because of problem difficulty and format similarity rather than theoretical similarity ([@x24748307-20190624-01-bibr22]). Specifically, some response types (e.g., multiple-choice) are easier than others (e.g., open response), potentially producing an "easy" factor and a "difficult" factor. Because the GNS has two response types and two redundant questions, the purpose of Study 2 was to develop a revised General Numeracy Scale (i.e., the multiple-choice GNS \[MC-GNS\]) with a uniform multiple-choice response format and with some items modified to increase validity.

Using data from Study 1, the most common incorrect responses were identified for all free responses, and these were used as distractor options for our MC-GNS. Additionally, some of the questions in the original GNS were slightly modified to increase their difficulty, both because an often-reported characteristic of the GNS is that the distribution of total scores is negatively skewed and because a multiple-choice format could increase scores due to lucky guessing. Questions 8A and 8B were combined into a single question, bringing the total number of questions to 10. One additional risk comprehension question was then added.

If the factor structure of the GNS ([@x24748307-20190624-01-bibr14]) in Study 1 is merely the result of different response types, then converting the scale to a consistent multiple-choice format should result in fewer factors and perhaps a clearer picture of a unidimensional construct of numeracy. However, if we continue to get several reasonably loading factors based on a numeracy questionnaire with all multiple-choice responses, it would suggest that the GNS may not necessarily measure a single construct.

Methods
-------

Data were collected from 748 undergraduate students enrolled in introductory psychology courses at a large Midwestern university, as part of the departmental prescreening process. The sample contained data from 494 female students and 253 male students (mean \[*M*\] age = 18.83 years, standard deviation \[*SD*\] for age = 1.49); one participant declined to provide his or her gender. Participants completed the MC-GNS and other prescreening items via an online survey platform. The same data preparation methods were used as described for Study 1. No problems were detected in the correlation matrix. Again, two principal components analyses were performed, with one specifying an eigenvalue of at least 1 and a second specifying a single factor.

Key Results
-----------

Cronbach\'s alpha for the MC-GNS was .69, slightly higher than the Cronbach\'s alpha of .62 for the GNS data collected in Study 1. This brings the reliability close to an acceptable range ([@x24748307-20190624-01-bibr16]), at least in the context of assuming a unidimensional structure. The mean numeracy score was slightly higher for the MC-GNS (*M* = 8.36, *SD* = 2.23) than for the GNS (*M* = 7.49, *SD* = 1.88), and the MC-GNS had a negative skew similar to the GNS distribution in Study One (**Figure [1](#x24748307-20190624-01-fig1){ref-type="fig"}**).

Results of the first principal components analysis, limiting factor extraction to factors with an eigenvalue of at least 1, showed three factors based on the correlation matrix. These factors explained a total of 62.92% of the variance (**Table [C](#x24748307-20190624-01-table3){ref-type="table"}**). When the analysis was limited to a single factor the explained variance dropped to 40.55%. Examining the single-factor structure for loadings equal to or higher than .320 showed that all 11 of the MC-GNS items met that criterion (**Table [D](#x24748307-20190624-01-table4){ref-type="table"}**). When only one factor was specified, the MC-GNS actually accounted for more variance than the original GNS. In the unconstrained analysis the GNS factors explained slightly more variance than the MC-GNS; however, the MC-GNS also yielded fewer underlying factors. Perhaps more importantly, despite the MC-GNS being composed entirely of multiple-choice questions and with arguably redundant items eliminated, a principal components analysis yielded three factors. The multifactor solution, it seems, cannot be attributed entirely to item format issues. Closer examination of the results shows that one of the factors contains only two items, which can be hazardous and misleading ([@x24748307-20190624-01-bibr22]). Limiting the number of factors to two produces a more stable result with more items per factor. However, in many cases, items load heavily on both factors, lending support to the concept of unidimensional numeracy as measured by the MC-GNS. It is, unfortunately, not possible to further reduce the factor structure statistically via a second data reduction analysis because these data were analyzed using a matrix rather than raw data.

Aside from the theoretical issue of the factors possibly underlying numeracy, there is a practical sense in which the MC-GNS has improved utility. It is much easier to administer and score. Ease of use is important because many researchers have proposed links between numeracy and real-world decision-making situations, including the process of shared decision-making in health decisions. If medical doctors are to be expected to administer a numeracy measure prior to discussing test results with a patient, it should take the form of something quickly and easily scored. The MC-GNS offers that functionality.

Study 3
=======

Objectives
----------

Study 3 assessed the MC-GNS for convergent and divergent validity by comparing MC-GNS scores with participants\' ACT (American College Testing) examination scores. If the MC-GNS measures numeracy, it should be positively correlated with more comprehensive measures of mathematical ability (e.g., ACT Math subscores) but not with other similar measures of subject achievement (e.g., ACT Reading and English sub-scores).

Methods
-------

Data were collected from 141 undergraduate students enrolled in introductory psychology courses at a large Midwestern university, using an online survey platform. Participants included 67 female students and 74 male students (*M* age = 19.46 years, *SD* age = 1.86). All participants were given the MC-GNS and then also asked for permission to access their ACT scores through the university\'s record system. Participants were then thanked and shown debriefing information.

Key Results
-----------

Only 63 of the 141 participants provided permission to access their ACT scores, and subject scores were not always present in the student information system. Of the 63 participants used in the mediation analyses, one person did not have a Reading subject score and four did not have Math subject scores. Regression methods were used to fill in these gaps (missing subject scores were computed using a regression equation containing MC-GNS scores and ACT composite scores).

To test convergent validity of the MC-GNS, we examined the correlation between the MC-GNS and ACT Math score. Indeed, these two measures were positively correlated (*r*\[61\] = .54, *p* \< .001). To test discriminant validity, participants\' MC-GNS scores were compared to ACT English and ACT Reading scores, two theoretically unrelated constructs from mathematical ability. Interestingly, both ACT English (*r*\[61\] = .43, *p* = .001) and ACT Reading (*r*\[61\] = .47, *p* \< .001) were also positively correlated with MC-GNS, posing a potential problem for the multiple-choice numeracy scale.

It is plausible, however, that comprehension of the English language (ACT English) and reading ability (ACT Reading) are related to performance on the MC-GNS (as well as other numeracy scales) because these scales are composed of word problems. Careful reading and comprehension are at least a part of the response process. The question, then, is whether the MC-GNS (and other numeracy scales) are measuring more than just a person\'s ability to read and comprehend words. The most parsimonious explanation would be that the MC-GNS has a relationship with both ACT Reading and ACT English scores, but that those relationships are fully mediated by ACT Math.

Bivariate and partial correlations were calculated between the four variables. When controlling for ACT Math, ACT Reading and ACT English were no longer significantly correlated to MC-GNS. However, even when controlling for both ACT Reading and ACT English, the MC-GNS showed a significant positive relationship with ACT Math scores (**Figure [2](#x24748307-20190624-01-fig2){ref-type="fig"}**).

Thus, only the Math ACT scores were significantly correlated with the MC-GNS once the influence of other ACT scores was removed. This suggests that the MC-GNS in fact measures something above and beyond mere English competency and reading ability (although those are also relevant); specifically, the MC-GNS is measuring what it is intended to measure--- numeracy.

Conclusions
===========

The ubiquity and significance of numerical information in areas such as health risk and medical decision-making increasingly demands a functional level of numerical understanding. Numeracy varies considerably within the population, and this variability empirically accounts for differences in decision-making regarding health and finances ([@x24748307-20190624-01-bibr6]; [@x24748307-20190624-01-bibr17]). However, as pointed out previously by others, many numeracy scales have not been rigorously evaluated and existing evaluations have been heterogeneous in approaches ([@x24748307-20190624-01-bibr2]; [@x24748307-20190624-01-bibr13]; [@x24748307-20190624-01-bibr21]; [@x24748307-20190624-01-bibr20]). The current studies assessed the empirical and theoretical content of the GNS, developed improvements to this scale, and documented that these were useful advances.

Numeracy, as assessed with the GNS, can be characterized by both one- and four-factor models. Although the four-factor model seemed stable and patterns were relatively consistent with both the original study ([@x24748307-20190624-01-bibr14]) and additional research ([@x24748307-20190624-01-bibr13]), the single-factor model also fit well and showed loadings for all 11 GNS items. The existence of two plausible factor structures may be problematic.

One possible explanation for a multifactor structure of the GNS was that it is composed of mixed question types, and this can lead to factors based on similar question format rather than question content ([@x24748307-20190624-01-bibr22]). The factor structure of a multiple-choice version of the GNS (the MC-GNS), however, still indicated multiple factors (although up to two factors may appear to be eliminated in comparison to the GNS). Thus, the multifactor results for the GNS scale cannot be ruled out as solely the result of varied question format.

In addition to being easier to administer and score, the MC-GNS exhibits psychometric properties at least as good as, if not better than, those of the GNS. The MC-GNS has good convergent and discriminant validity (Study 3). The MC-GNS produced a slightly higher distribution of scores compared with the GNS, but the relatively lower difficulty of the MC-GNS may make it more usable for general population samples. Further research with broader samples than those used here (i.e., college students) can bolster these assessments. Collectively, the present studies indicate that the MC-GNS is better or equal in psychometric quality relative to the GNS, but with greater utility in terms of scoring ease in health and other applied settings. As a practical matter, applied uses of the MC-GNS may calculate a single composite score for the scale based on the evidence of a plausible single factor structure. The true structure of numeracy could be more complex, but at this point that structure is still uncertain.

The structure of numeracy, and the MC-GNS in particular, is currently more of a theoretical issue. The MC-GNS (and GNS) could be a single construct or it could have a multifactor structure of some sort. Liberali et al. ([@x24748307-20190624-01-bibr13]) suggested a mapping of the factor structures from multiple numeracy-type scales onto a dual-process model, but the present results do not fit well onto this previous mapping. More recently developed numeracy scales continue this bifurcated view of underlying structure, with some scales moving toward a multifacted approach (e.g., differentiating domains of number sense, tables and graphs, probability, and statistics) ([@x24748307-20190624-01-bibr20]) and other scales moving toward a unidimensional approach ([@x24748307-20190624-01-bibr4]). For the single factor approach to succeed there must be an account of why multiple factors consistently show up. For the multifactor approach to succeed, it must have a compelling explanation of what these factors are and why they exist. If multiple dimensions of numeracy do exist, an immediate applied question becomes which dimensions are most central for assessing health literacy.

In the meantime, the MC-GNS provides a more structured measure of numerical literacy with many potential benefits. The MC-GNS is easier to administer, with no loss of psychometric quality. It also provides clearer and easier coding of both correct and incorrect responses, the latter of which may be useful for evaluating not only numerical literacy but diagnosing aspects of illiteracy.
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###### 

Pattern Matrix Loadings for GNS Data in Study 1 When Specifying a Minimum Eigenvalue of 1

  **GNS Item**   **Factor 1**   **Factor 2**   **Factor 3**   **Factor 4**
  -------------- -------------- -------------- -------------- --------------
  1              −0.658         \-             \-             \-
  2              \-             0.781          \-             \-
  3              \-             0.599          \-             \-
  4              \-             \-             0.902          \-
  5              \-             \-             0.983          \-
  6              \-             0.793          \-             \-
  7              \-             0.713          \-             \-
  8A             \-             \-             \-             −0.956
  8B             \-             \-             \-             −0.915
  9              \-             \-             \-             −0.739
  10             \-             \-             \-             \-

Note. Data were rotated using a direct oblimin rotation (delta = 0). GNS = General Numeracy Scale.

###### 

Pattern Matrix Loadings for GNS Data in Study 1 When Specifying a Single Factor

  **GNS Item**   **Factor 1**
  -------------- --------------
  1              .472
  2              .558
  3              .635
  4              .539
  5              .425
  6              .506
  7              .667
  8A             .831
  8B             .670
  9              .648
  10             .420

Note. GNS = General Numeracy Scale.

###### 

Pattern Matrix Loadings For MC-GNS Data in Study 2 When Specifying a Minimum Eigenvalue of 1

  **MC-GNS Item**   **Factor 1**   **Factor 2**   **Factor 3**
  ----------------- -------------- -------------- --------------
  1                 \-             \-             0.626
  2                 \-             \-             0.568
  3                 \-             \-             0.701
  4                 0.829          \-             \-
  5                 0.764          \-             \-
  6                 \-             0.885          \-
  7                 \-             0.893          \-
  8                 \-             \-             0.494
  9                 \-             \-             0.500
  10                \-             \-             0.634
  11                0.912          \-             \-

Note. Data were rotated using a direct oblimin rotation (delta = 0). MC-GNS = Multiple-Choice General Numeracy Scale.

###### 

Pattern Matrix Loadings for MC-GNS Data in Study 2 When Specifying a Single Factor

  **MC-GNS Item**   **Factor 1**
  ----------------- --------------
  1                 .661
  2                 .584
  3                 .457
  4                 .811
  5                 .676
  6                 .651
  7                 .599
  8                 .541
  9                 .665
  10                .469
  11                .789

Note. MC-GNS = Multiple-Choice General Numeracy Scale.
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